1. Introduction {#sec1}
===============

Parasitic helminths are able to modulate their host\'s immune system in order to survive, proliferate, and maintain their population. Their immunomodulation includes polarization to Th2 cell response and promotion of regulatory B lymphocytes (B-regs) and regulatory T lymphocytes (T-regs) \[[@B59]\]. This modulation is not only important in order to understand the host-pathogen interactions and to develop treatments against the parasites themselves but also important in the development of treatments against autoimmune and inflammatory diseases. This idea of application of helminth parasites or their subunits for disease treatment has been drawn from the hygiene hypothesis \[[@B58]\]. The hygiene hypothesis was first proposed by Strachan \[[@B88]\], as he noted that there was an inverse correlation between the occurrence of hay fever in children and the number of siblings they had living in the same house. His observation led to the hypothesis that infections in early childhood helped to adequately develop the regulation of the immune system, whereas the lack of such infections would predispose to the emergence of autoimmune diseases \[[@B58]\].

There are many reviews in the literature regarding the regulation of the immune system by helminths \[[@B59], [@B58], [@B5]\]. There are also reviews focused on the role of helminths infection or helminths molecules in controlling allergic diseases \[[@B22], [@B28]\] and in host\'s metabolism and inflammatory diseases \[[@B17]--[@B98]\]. This protective role not only has been assigned to bias a Th2 immune response but also involves T-regs induction and alternatively activated macrophages (AAM), as well as generation of anti-inflammatory cytokines \[[@B17], [@B1]--[@B110]\].

Here, instead of broadening the review with regard to helminths in general, we focus on aspects of the host\'s metabolism and immune modulation by schistosome-derived molecules, both in terms of its pathogenesis associated with schistosomiasis and in terms of its interaction with the host\'s immune system in the presence of an autoimmune or inflammatory disease. We believe that schistosomes and schistosome-derived molecules can be used as a model to understand the potential applications of helminths against autoimmune and inflammatory diseases. Later on this paper, in its text, and in [Table 1](#tab1){ref-type="table"} and [Figure 1](#fig1){ref-type="fig"}, we will present some schistosome-derived molecules whose immunoprotective and anti-inflammatory effects have already been demonstrated, as well as other molecules that have the same potential but that still need to be investigated.

2. Helminthic Therapy of Autoimmune Diseases: The Clinical Trials and the Potential Importance of Schistosomes {#sec2}
==============================================================================================================

So far, few clinical trials regarding the use of helminths against autoimmune diseases have been done. According to Fleming and Weinstock \[[@B32]\], up until the date of their publication, 28 clinical trials were being conducted, from planning to completion. All of these were using live parasites, instead of parasite-derived molecules or extracts, and the chosen species were*Necator americanus* or*Trichuris suis*. These species have been used in the trials due to their relative safety:*T. suis* causes a zoonotic disease in humans, which is self-controlled, and low inoculum doses of*N. americanus* larvae have proven to be well-tolerated by the human host, despite being able to produce 50 eggs per gram of feces \[[@B29], [@B71]\]. Those trials which had already finished did not show very promising results in the treatment of autoimmune diseases. Evans and Mitre \[[@B29]\] argue that several factors could be involved in these seemingly negative results, such as the apparent ability of helminths to prevent the development of autoimmune diseases, instead of treating them; the location of helminth infection being incompatible with the desired immunomodulation; the parasitic burden and duration; and the use of concomitant medications and host genetics. Pritchard and colleagues \[[@B71]\] also point out that the absence of heterogeneity of parasitic worm species in the host, during the trials, could have contributed to worse results. Moreover, Fleming and Weinstock \[[@B32]\] claim that host epigenetic background may influence the results and that the process of manufacturing*T. suis* eggs may influence their longevity and vitality. One last factor that could play a role is the parasite species. Although immunomodulation may be a common theme among helminths, each species probably is able to use different strategies to achieve it \[[@B29], [@B71]\]. Fleming and Weinstock \[[@B32]\] point out that, given the robust effects observed in field studies, there is the possibility that only human pathogens may be properly used in therapy against autoimmune diseases and strict conditions to do so may exist.

Schistosomes, especially*S. mansoni*, can represent a serious threat to human health and thus have not been used in clinical trials up until now. With that in mind, the use of schistosome-derived molecules may represent a viable alternative. Even though there are no clinical trials involving schistosomes as therapy against autoimmune diseases, Nampijja and colleagues \[[@B64]\] report an ongoing interventional field trial in Uganda, which has as one of its goals analysing the effects of anthelminthic treatment on the incidence of allergy-related diseases in communities of Lake Victoria. This study can offer new insights into the applicability of schistosomes and other helminths as treatment against autoimmune diseases, given that half of the local population is infected with*S. mansoni* and the prevalence of other species, such as*Strongyloides stercoralis*,*Trichuris trichiura*, and*N. americanus*, is also high.

3. Schistosome Secreted and Surface-Exposed Molecules {#sec3}
=====================================================

The cercaria is the human-infective stage; thus it possesses several adaptations to rapidly invade the host skin. For this penetration to be successful, enzymes are needed to open this barrier \[[@B15]\]. For an efficient, percutaneous infection, glands located at the acetabulum and at the head secrete various substances. In 2006, Curwen and colleagues \[[@B19]\] identified new proteases and immunomodulatory molecules secreted by the cercariae, to adhere to and invade the host skin. Among these molecules, there are three elastase isoforms, which degrade elastin and thus promote the invasion, a metalloprotease (SmPepM8), which is involved in the degradation of the extracellular matrix, and an anti-inflammatory protein, Sm16. The metallopeptidase SmPepM8 belongs to the leishmanolysin family of metalloproteases, responsible for the degradation of the extracellular matrix. This metallopeptidase was the second most abundant component in the secreted proteins by the cercariae \[[@B19]\], an interesting discovery, since this protease class had previously been described only in schistosomula \[[@B42]\].

The Sm16 is another major component of the secreted proteins of the cercariae, which is an important modulator of the innate immune response \[[@B78]\]. Once inside macrophages and after proteolytic degradation, Sm16 stimulates anti-inflammatory signalling in these cells. This signalling seems to be related to the inhibition of cytokine production dependent upon TLR3 and TLR4 signalling, worsening the production of IL-6 and IL-1*α* \[[@B78]\]. Sm16 can also block the activation of IRAK-1 gene, one of the regulating components in the production of the transcription factor NF-*κ*B \[[@B9]\].

Many molecules exposed by the cercariae are able to negatively regulate the host immune response, by several means, such as the induction of IL-10 production and induction of apoptosis of T cells. Among these molecules, one of the most important ones is the glycan Lacto-N-fucopentose-III (LNFPIII) \[[@B41]\]. In 1996, Richter and colleagues \[[@B73]\] administered irradiated cercariae, in order to determine which molecules were the most important in eliciting immune responses. They have found that the levels of antibodies directed towards carbohydrates had risen significantly and that most of these antibodies targeted LNFPIII. The recognition of carbohydrates, especially LNFPIII, by pattern recognition receptors, plays a critical role in triggering a Th2 response \[[@B65]\].

There is strong evidence that glycoconjugates such as glycoproteins and glycolipids from helminths contribute to the immunomodulatory properties during the interaction with host antigen presenting cells \[[@B94]\]. Helminths express a wide variety of glycans linked to proteins or lipids on their surface and on the secretion products. Some glycans have the potential to interact with C-type lectins on dendritic cells, which may directly affect the type of T lymphocyte polarization \[[@B43], [@B93]\].

During the life cycle of schistosomes in their host, several biomolecules are excreted/secreted from their tegument, present in adult and larval stages, or their eggs and are thus exposed to the host \[[@B30], [@B48]\]. These molecules can induce the activation and modulation of innate and adaptive responses as well as enabling the evasion of the parasite from host defense mechanisms \[[@B48], [@B61]\].

The tegument structure of*Schistosoma* spp. is an important interface in the interactions of the parasite with the immune system, but it also participates in other important processes for the fluke, such as nutrition, excretion, signal transduction, and osmoregulation \[[@B69]--[@B102]\]. Among the tegument proteins with relevant roles in the interactions with the immune system, there is paramyosin (SCIP-1), found in*S. mansoni* and*S. japonicum*, which is able to selectively bind to the Fc domain of immunoglobulins. This property helps the parasite to evade the immune system, through the adsorption of such molecules \[[@B102], [@B51]\]. Moreover, it is able to interfere with the complement system, by inhibiting the activity of C9 \[[@B24]\]. Similarly, Sjc23, a protein member of the tetraspanin family and found in the tegument of*S. japonicum*, presents IgG-binding properties \[[@B102]\].

The intravascular presence of adult schistosome may disturb blood flow which would be a potential activator of the blood coagulation, but the formation of these blood clots is not observed around the parasites as evidenced by some studies \[[@B60], [@B103]\]. Figueiredo and coauthors \[[@B31]\] demonstrated that enolase, tegumental enzyme (Sm-Eno) can promote significant activation of plasminogen. This results in the generation of plasmin, a potent fibrinolytic agent that could be counteracting the formation of blood clots around live worms. The same group demonstrated that another tegumental enzyme, the ectoenzyme SmATPDase1, could be responsible for minimizing the host immune response, inhibiting coagulation of blood and promoting the survival of the parasite through the degradation of ATP and ADP in the blood \[[@B20]\]. The tegumental protein Sm22.6 can inhibit,*in vitro*, the proteolytic activity of thrombin, a central component of the coagulation cascade that converts fibrinogen into fibrin \[[@B21], [@B49]\]. Thrombin also participates in platelet activation; thereby inhibition of Sm22.6 can decrease thrombin participation in clotting cascade and platelet activation, suggesting a key role for Sm22.6 in pathogen evasion mechanisms \[[@B21]\].

During the egg laying of*Schistosoma*, there is a strong induction of the Th2 response in humans and animal experimental models \[[@B30]\]. This response is caused by soluble egg antigens (SEA) of the parasite \[[@B58]\]. SEA is an agglomerate of proteins and glycoconjugates composed of structural components of the egg embryo along with its secreted products \[[@B87]\]. The omega-1 T2 ribonuclease (*ω*1) is secreted by eggs of*S. mansoni* and is critical in the development of the Th2 response. It is able to bind to the mannose receptor of dendritic cells and is internalized after it. Once internalized, it is able to digest rRNA and mRNA, interfering with the protein synthesis \[[@B30]\]. IPSE/*α*1 is another protein secreted by*S. mansoni* eggs and its secretion leads to the production of IL-4 by basophils, which, in turn, participates in the development of the Th2 response \[[@B79]\]. Lastly, the SjE16.7 protein is also secreted by eggs of*S. mansoni* and is involved in the induction of hepatic inflammation by neutrophil chemotaxis \[[@B101]\].

4. Inflammatory and Autoimmune Diseases {#sec4}
=======================================

Given the capacity of*S. mansoni* to accelerate or abrogate the development of inflammatory and autoimmune diseases, animal models have been created to better understand the molecular mechanisms behind the interactions of*Schistosoma* and such diseases. In the next sections we will present and discuss some of these autoimmune and inflammatory disorders that were associated with amelioration upon schistosome infection or schistosome molecule exposition, such as arthritis, type 1 diabetes (T1D), type 2 diabetes (T2D), metabolic syndrome (MetS), Grave\'s hyperthyroidism, psoriasis, experimental autoimmune encephalomyelitis (EAE), inflammatory bowel disease (IBD), and airway allergies.

4.1. Arthritis {#sec4.1}
--------------

In the case of arthritis, one animal model used is DBA/1 mice that when immunized with bovine type II collagen develop an immune response against their own type II collagen. This model is known as the collagen-induced arthritis (CIA) model. In 2009, Osada and coworkers \[[@B66]\] infected DBA/1 mice with*S. mansoni* cercariae and, after two weeks, the mice were immunized with bovine type II collagen. These mice had their immune response against arthritis compared to uninfected CIA mice. In this study, the researchers found that the infected group had lower arthritis scores and less arthritic paws than the uninfected group and that these characteristics were negatively correlated with the number of parasite pairs found in the mice. They have also found less severe histopathology in the ankles of infected animals, lower anti-type II collagen IgG and IgG2a antibodies in their plasma, and lower production of IFN-*γ*, IL-17, and TNF-*α* and higher production of IL-4 and IL-10 from their spleen cells and lower gene expression of proinflammatory cytokines and Foxp3 in their paws. In 2011, Song and coworkers \[[@B83]\] have found similar results for the*S. japonicum* infection, with the addition of having found lower T cell proliferative responses against type II collagen and elevated Th2 and T-reg spleen cells.

Using a different model, mice that lacked IL-1 receptor antagonist (IL-1Ra), which spontaneously develops autoimmune arthritis, Osada and coworkers \[[@B67]\] showed that infected mice with*S. mansoni* had lower arthritis scores, less severe histopathology, lower production of TNF-*α* and IL-17, and higher production of IL-4 and IL-10. However, they have found higher levels of rheumatoid factor and anti-dsDNA IgG in the infected mice.

While there is evidence for the abrogating effects of*Schistosoma* infection against arthritis, the time required for the infection to reduce the severity of the autoimmune disease is still under debate. Osada and coworkers \[[@B66]\] observed such effects after two weeks of the infection. Song and coworkers \[[@B83]\] noted that the severity of arthritis was aggravated after one week of*S. japonicum* infection. He and coworkers \[[@B37]\] argue that, during the first couple of weeks of infection,*S. mansoni* parasites would not have produced large quantities of eggs, which are necessary for the generation of a Th2 dominating response, responsible for the protective effects against arthritis. From this premise, in their study, the authors have compared the immune response of CIA mice after being infected for different periods of time (2 weeks, 7 to 10 weeks, and 15 weeks). They have shown that immune responses related to protection against arthritis, such as higher production of IL-4, lower production of IFN-*γ*, and decrease in anti-type II collagen IgG production, started to occur on the latter phase of the infection, whereas the 2 weeks\' group showed either neutral or faster responses towards the severity of arthritis.

4.2. Type I Diabetes {#sec4.2}
--------------------

In type I diabetes (T1D), CD8^+^ T cells, CD4^+^ T cells, B lymphocytes, and other plasma cells appear to be involved in the destruction of the pancreatic insulin-producing *β* cells, together with a poor immune regulation \[[@B3]\].

Since*S. mansoni* is able to induce a shift from a Th1 to a Th2 response, which could relieve the autoimmune response; Maron and coworkers \[[@B56]\] have evaluated the cytokine profile and proliferative responses of lymphocytes in nonobese diabetic (NOD) mice after the oral administration of insulin B-chain with or without soluble egg antigens (SEA) of*S. mansoni*. They have observed that both B-chain insulin and SEA administration suppressed the proliferation of lymph node cells, enhanced IL-10 and TGF-*β*, and diminished IL-2 production. They have also observed that the combined administration of SEA and B-chain insulin presented a synergistic effect on IL-10 production and on lymph node cell proliferation.

In 1999, Cooke and coworkers \[[@B16]\] infected 4-5-week-old NOD mice with*S. mansoni*, when the pancreas presents mononuclear cell infiltrations around the pancreatic islets, in an initial physiopathological state of the disease. While the infection did not promote the removal of the infiltrations, mice with lower infection presented high glucose concentrations in blood than the controls. Moreover, infected mice with either adult*S. mansoni* or their eggs presented higher anti-insulin IgM and lower anti-insulin IgG concentrations in sera, which the authors explain to be due to failure of T cell class switching, instead of Th2 response promotion. Lastly, mice that were injected with*S. mansoni* eggs maintained normal glucose concentrations in blood.

Zaccone et al. \[[@B109]\] better characterized how*S. mansoni* could prevent the onset of diabetes in mice. They have shown that four weekly injections of dead worm eggs were sufficient to prevent the onset, as long as they started before the mice reached 5 weeks of age. In addition, SEA or soluble worm antigens (SWA) injected in similar fashion caused fewer mice to have mononuclear infiltrations in the pancreatic islets. Spleen cells transferred from NOD mice that received treatment with eggs or antigens to NOD-SCID mice (NOD mice with impaired T and B lymphocyte development) induced diabetes in at most 50% of the NOD-SCID mice, whereas spleen cells from NOD controls induced diabetes with 100% incidence. The spleen cells from the treated mice produced more IL-5, IL-10, and IL-13 than those from the controls and proliferated more in the presence of the antigens. However, these responses depended on the presence of T lymphocytes amidst the spleen cells, with the exception of IL-10 production, which also depended on B lymphocytes. Moreover, SEA applied with LPS increased the IL-10 production and decreased the IL-12 production of bone-marrow-derived dendritic cells (DCs). Lastly, NOD mice injected with antigens presented more natural killer T (NKT) cells. In addition, Zaccone and coworkers \[[@B106]\] have shown that SEA administration to NOD mice promoted higher levels of T-regs in the pancreas and higher mRNA expression of TGF-*β*, IL-10, IL-4, and IL-35. Spleen cells from NOD mice treated with SEA when depleted of CD25^+^ regained the capacity of diabetes induction in NOD-SCID mice. SEA also favored the generation of T-regs from naïve T CD4^+^ cells and directly inhibited the proliferation of CD4^+^ cells and induced their expression of TGF-*β* and galectins. Cooke and coworkers \[[@B108]\] expanded their studies on the macrophage and DCs response. They were able to demonstrate that DCs incubated*in vitro* with SEA express more mRNA of lectins, such as galectins, produce more TGF-*β*, and express fewer mRNA of IL-12p35 and IL-12p40. Macrophages isolated from NOD mice stimulated with SEA expressed more mRNA related to IL-2, IL-6, IL-10, and TGF-*β*. They have also observed increase in the expression of arginase-1 and arginase-2, Fizz-1, galectin-3, and the mannose receptor, which, together with TGF-*β*, indicate that these macrophages were alternatively activated.

4.3. Type 2 Diabetes {#sec4.3}
--------------------

Although type 2 diabetes (T2D) is not an autoimmune disease*per se*, immunological factors are involved in the predisposition to develop the disease, such as the obesity-induced low-grade chronic inflammation \[[@B47]\]. T2D is closely related to metabolic syndrome (MetS) which will be discussed in the sections below.

Using high-fat diet-induced obese C57BL/6 mice, Hussaarts and coworkers \[[@B40]\] have shown that SEA administration to these mice promoted eosinophils and Th2 associated cells in their white adipose tissue and hepatic tissue, along with alternatively activated macrophage (AAM) polarization in the white adipose tissue.

Bhargava and coauthors \[[@B7]\] demonstrated that administration of Lacto-N-fucopentose-III (LNFPIII), a LewisX 4 containing immunomodulatory glycan found in human milk and on parasitic helminths, improved glucose tolerance and insulin sensitivity in diet-induced obese mice model. Authors argued that it was partly mediated through increased IL-10 production by AAM and dendritic cells, leading to reduced white adipose tissue inflammation and increased response of adipocytes to insulin.

4.4. Psoriasis {#sec4.4}
--------------

The immunomodulatory effect of LNFPIII was also evidenced by Atochina and Harn \[[@B4]\] showing that fsn/fsn mutant mice, models for the study of psoriasis, did not develop skin lesions after the application of two doses of LNFPIII. Moreover, they have observed F4/80^+^ cell levels and CD4^+^/CD8^+^ ratios in their lymph nodes to be more similar to healthy mice after the application of this glycan. The Th2 polarized immune response, induced by LNFPIII, was attributed as a possible reason for the amelioration of skin lesions.

4.5. Graves\' Hyperthyroidism {#sec4.5}
-----------------------------

Nagayama et al. \[[@B63]\] injected thyroid-stimulating hormone receptor in mice as a means to model Graves\' hyperthyroidism and evaluate the potential modulatory effects of this disease by*S. mansoni*. Their results indicate that mice infected by*S. mansoni* before the ad-TSHR injections lead to lower T~4~ production (a thyroid hormone), lower anti-TSHR IgG2 levels, higher production of IL-10, and impaired production of IFN-*γ* upon exposure of TSHR by their spleen cells. Moreover, mice treated with SEA (soluble egg antigens), instead of having been infected, also presented lower T~4~ production than SWA (soluble worm antigens) exposed mice or control mice. These results indicate that the effective molecules were, possibly, egg-derived molecules.

4.6. Metabolic Syndrome {#sec4.6}
-----------------------

Recently, increasing evidence is arising that supports the association of helminths infections, or helminths derived molecules, with prevention and lower prevalence of metabolic syndrome \[[@B98]\]. In 2013 a cross-sectional study in a rural area of China demonstrated that individuals with previous*S. japonicum* infections had lower diabetes prevalence (14.9% versus 25.4%) and lower metabolic syndrome (14.0% versus 35.0%) compared with uninfected persons \[[@B14]\]. In this study, patients previously infected with schistosome also had lower levels of adjusted fasting blood glucose, postprandial blood glucose, glycated hemoglobin A1c (HbA1c), insulin resistance, triglycerides (TGs), and low density lipoprotein cholesterol (LDL-C) \[[@B14]\].

Dyslipidemia (abnormal cholesterol levels in blood) and inflammation of the white adipose tissue, two lipid disorders in metabolic syndrome, have been correlated to inflammatory biomarkers such as cytokines TNF-*α* \[[@B39], [@B91]\] and IL-6 \[[@B70]\] and the C-reactive protein \[[@B70]\]. This alteration in blood lipid levels coupled to inflammatory milieu is implicated with obesity-induced inflammation, insulin resistance (T2D), and metabolic dysfunction \[[@B33], [@B53]--[@B104]\]. Thus, the ability of helminths to induce anti-inflammatory cytokines biasing to a Th2 immune response seems to be the mechanism behind the preventive effect of schistosome molecules \[[@B1]--[@B106]\].

Two animal models have been used to explore the lipid metabolism aspect in metabolic syndrome and the role of helminth interaction, the first one is apolipoprotein E deficient (apoE^−/−^) mice and the second one is low density lipoprotein receptor deficient (LDLR^−/−^) mice. ApoE and LDLR deficient mice develop atherosclerosis in a short time, which would be difficult to achieve in nondeficient mice \[[@B96]\]. Stanley and coworkers \[[@B86]\], using apoE^−/−^ mice, showed that*S. mansoni* eggs, but not the adult worms, were responsible for the molecules acting on serum and liver cholesterol and lipid reduction. They also demonstrated that single sex worm infections did not have the same outcome regarding blood and liver lipid reduction \[[@B86]\]. Using LDLR^−/−^ mice Wolfs and colleagues \[[@B100]\] verified the effect of SEA to successfully reduce serum cholesterol levels and systemic inflammation.

4.7. Autoimmune Encephalomyelitis {#sec4.7}
---------------------------------

Experimental autoimmune encephalomyelitis (EAE) is an animal model for the study of multiple sclerosis, in which there is chronic inflammatory demyelination of mice central nervous system (CNS). Studies conducted in this experimental model have demonstrated a marked inverse correlation between the occurrence of helminthic infection and the development of this type of autoimmune disease \[[@B80], [@B45]\]. Sewell and colleagues \[[@B80]\] in 2003 showed that mice, immunized with*S. mansoni* eggs, had reduced severity of EAE. The elimination of the disease has been associated with immune deviation in the periphery and in the CNS, which was demonstrated by the decrease in IFN-*γ* levels and an increase in IL-4, TGF-*β*, and IL-10 levels in the peripheral system and increased IL-4 and T cell infiltrate in the brain. In another study, La Flamme and coauthors \[[@B45]\] have demonstrated that the cellular composition of the spinal cord and the brains of mice infected with*S. mansoni* showed decreased inflammation of the central nervous system (CNS), particularly a reduction of macrophages and CD4^+^ T cells. The authors argue that these findings suggest that schistosomiasis can downregulate the onset of EAE by downregulating the production of proinflammatory cytokines reducing inflammation of the CNS.

In 2008, Zheng and colleagues \[[@B111]\] used SEA from*S. japonicum* in EAE, both as a preventive and as a therapeutic treatment against the disease. In order to do so, they have applied SEA both before and after the establishment of EAE in C57BL/6 mice. In mice preimmunized with SEA, the onset of EAE could not be delayed, but the severity of the disease was reduced. However, both delay and reduction of EAE severity were observed when SEA was used after EAE was induced. Cultures of splenocytes isolated from mice and restimulated produced more IL-4 and less IFN-*γ* if they came from SEA immunized mice and this cytokine expression pattern was also observed by quantitative PCR (q-PCR). Interestingly, when they assayed the cytokine profile of mouse sera, they did not observe differences in cytokines between preimmunized and control groups.*In vivo* cytokine expression experiments showed only a difference in IL-4 expression levels in spinal cords between preimmunized and control groups, via q-PCR. At last, preimmunized mice presented less demyelination and inflammation in spinal cords.

In 2012, Zhu and colleagues \[[@B112]\] used LNFPIII as a therapy for EAE. Mice treated with the carbohydrate had EAE with reduced severity, though the onset could not be delayed. They have also observed less CNS inflammation in the treated mice. Splenocytes isolated from LNFPIII-treated mice, after restimulation, increased the production of IFN-*γ*, IL-4, IL-5, IL-10, and IL-13. It should be noted that even though there was an increased production of IFN-*γ*, there was also an increased production of cytokines commonly associated with a Th2 response. This resulted in a lower IFN-*γ* : Th2 cytokine ratio and thus indicates a Th2 shift in the immune response. Inflammatory monocytes isolated from LNFPIII-treated mice presented higher nitrous oxide production, which suppressed T cells in cultures. These cells also presented higher mRNA expression levels of immune regulation-related enzymes, such as arginase, aldehyde dehydrogenase, and heme-oxidase. They also presented very low expression levels of Th1 related cytokines, such as IL-1*α*, IL-1*β*, IL-6, and IL-12. Finally, bone-marrow-derived DCs migrated less across*in vitro* mouse brain endothelium, as they were treated with increasing amounts of LNFPIII. Afterwards, Kuijk and colleagues \[[@B44]\] have shown that human DCs previously stimulated with LPS or Poly-I : C, after the incubation with*S. mansoni* SEA, have greatly decreased the expression of TNF-*α* and IL-12, when compared to their nonincubated counterparts. They have also observed the increase of OX40L, a ligand related to development of Th2 and T-reg cells, in DCs incubated with SEA or LPS+SEA. These DCs, after incubation with SEA, also promoted Th2 polarization on naïve T cells. After coculturing the incubated DCs with the naïve T cells, a major portion of the T cells started to produce intracellular IL-4, with only a minor part producing INF-*γ*.

4.8. Inflammatory Bowel Disease {#sec4.8}
-------------------------------

Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the gastrointestinal tract, including Crohn\'s disease and ulcerative colitis \[[@B13]\]. Studies suggest that in these autoimmune diseases both genetic factors and also environmental factors contribute to triggering the inflammatory process \[[@B105]\]. Researchers have shown that*S. mansoni* molecules from eggs and the surface of adult worm, such as glycans, possess potent activity to induce Th2 response and anti-inflammatory cytokines such as IL-10 \[[@B36], [@B90]\]. Ruyssers and colleagues \[[@B76]\] observed that, after injection of adult*S. mansoni* surface proteins in mice that had Trinitrobenzenesulfonic (TNBS) acid induced colitis, there was no significant change in the levels of IFN-*γ* mRNA expression in T lymphocytes isolated from inflamed tissues. However, there was a decrease in IL-17 and IL-5 levels five days after the induction of colitis. In addition, other studies have shown that infection by helminths can modulate the immune system of animals with intestinal disturbances to a state of immunosuppression by the induction of Th2 immune response and suppression of proinflammatory responses Th1 and Th17 and thus suppressing intestinal inflammation \[[@B38], [@B27]\].

4.9. Airway Allergies {#sec4.9}
---------------------

The treatment and prevention of airway allergies by schistosomes may be the best characterized application of these worms in the context of inflammatory and autoimmune diseases. The first study in this context was made by Mangan and colleagues \[[@B55]\], in which they have infected mice with either male and female*S. mansoni* cercariae, so that the infection would have the presence of eggs, or male-only cercariae, so that the infection would not have the presence of eggs. After the establishment of acute or chronic infections, the mice were sensitized with ovalbumin (OVA) injections and later challenged via airway, in order to induce airway hyperresponsiveness. The authors observed higher Th2-related cytokine production (IL-4, IL-5, and IL-13) and IL-10 from spleen cells isolated from mice with schistosomes and eggs than from uninfected mice, along with higher IgE production. It should be noted that these cytokines, in this context, actually promote the worsening of the allergy. They have also observed that mice infected with schistosomes and eggs, following allergen challenge, were predisposed to fatal airway allergies, regardless of infection-phase or OVA sensitization. Mice infected with schistosomes and eggs presented higher collagen deposition in their lungs, when compared to uninfected mice. Lastly, IL-13^−/−^ mice infected with schistosomes and eggs in the acute phase did not develop hyperresponsiveness, indicating that IL-13 is important for the development of the disease, at least under these conditions. In the infections caused only by male schistosomes, the cytokine profiles were similar, with the exception of higher IL-10 production in mice infected only with male schistosomes. Interestingly, mice infected with male schistosomes did not develop hyperresponsiveness, regardless of OVA sensitization. After treatment with praziquantel, the male-schistosome infected mice became susceptible to hyperresponsiveness induced by OVA. There were some differences in the cytokine profile of bronchoalveolar lavages between OVA-sensitized male-schistosome infected mice and uninfected mice, as the first group presented higher IL-4, IL-13, and IL-10 production and lower IL-5 production. Comparing these groups, the infected one also presented no lung inflammation nor peribronchial eosinophilia and lower goblet cell hyperplasia, in contrast with the noninfected group. When the authors blocked IL-10 action in the infected group, via monoclonal antibodies, the mice became susceptible to the hyperresponsiveness, with higher eosinophilia and higher IL-5 production. The resistance to the disease was also associated with B cells, as these were more present in the worm-infected mice and their partial depletion by Anti-IgMs made them susceptible to the disease.

In an approach similar to Mangan et al. \[[@B55]\], Mo and colleagues \[[@B62]\] have, instead, used*S. japonicum*. In their study, bronchoalveolar lavages of mice infected with both sexes of*S. japonicum* and mice infected with males only presented lower eosinophilia and leukocyte counts. The infection with*S. japonicum* prior to the OVA challenge reduced the parenchymal inflammation of the lungs and the production of mucus. The cytokine profile in the bronchoalveolar lavages changed as well, with lower production of IL-4 and IL-5 and a higher production of IL-10 in mice infected with either combination of worms. Lastly, they have observed less OVA-specific IgE in the serum of mice infected with both sexes of*S. japonicum* or males only.

Using similar animal models, Smits and colleagues \[[@B82]\] showed that chronically infected mice with*S. mansoni* presented less intense eosinophilia in the lungs and this effect depended upon the quantity of eggs used to infect the mice. These mice also presented less severe peribronchial and perivascular inflammation and fewer goblet cells in the bronchi, alongside the repression of the hyperresponsiveness. They have also observed lower expression of IL-4 and IL-13 in mediastinal lymph node cells and spleen cells of chronically infected mice, in response to OVA or SEA. Lastly, lymph node cells or spleen cells transplanted from chronically infected mice into OVA-sensitized mice diminish lung eosinophilia in the recipient mice. These effects were nullified if the recipient mice had their IL-10 cytokines blocked. Similar results were observed when the transferred cells were T CD4^+^ or CD19^+^ B cells.

Having found comparable results to previous studies, with regard to lower eosinophilia, lower inflammation in the lungs, and IL-10 increased production in mice infected with*S. mansoni*, Pacífico and colleagues \[[@B68]\] have shown lower levels of OVA-specific IgE in the infected mice, first report for*S. mansoni*, and, more importantly, have highlighted the importance of T regulatory cells in this context. Firstly, mice pretreated with*S. mansoni* eggs presented higher amounts of CD4^+^ CD25^+^ Foxp3^+^ T cells (T-regs) in the lungs compared to uninfected controls. These cells, however, were not the source of IL-10. Infected mice presented lower levels of CCL2, CCL3, and CCL5 in their lungs, which are chemokines related to eosinophil chemotaxis. In this study, depletion of T-regs, and not of IL-10, restored lung eosinophilia to control levels. Secondly, when either T-regs or IL-10 were depleted, cytokine and chemokine levels (IL-4 and IL-5 as cytokine indicatives and CCL2, CCL3, and CCL5 as chemokine indicatives) were restored to control levels. Lastly, only when T-regs were depleted was inflammation in the lungs of mice increased.

Amu and colleagues \[[@B2]\] sought to further characterize the B-reg cell populations that are involved in the suppression of the airway allergy caused by*S. Mansoni* and how they do so. They have found B cell transplantation results similar to Smits et al. \[[@B82]\] study. Moreover, they have found that most of the IL-10^+^ CD19^+^ cells, that is, B-regs which produce IL-10, are also CD1d^high^, CD5^+^, CD21^high^, CD23^+^, IgD^+^, and IgM^high^. Infected mice treated with anti-CD1d monoclonal antibodies became susceptible to airway allergy. Although CD1d interacts with invariant natural killer T (iNKT) cells, the authors did not observe expressive expansion of these cells. CD1d^high^ cells transplanted from infected mice into ovalbumin-primed mice made these develop less airway inflammation, less goblet cell hyperplasia, less eosinophilia, and lower values of IL-4, IL-5, IL-13, and eotaxin and higher values of IL-10 in bronchoalveolar lavages, in contrast to mice that received no cells or CD1d^low^ cells. The infection of mice also promoted the expansion of CD1d^−^ cells, which were also CD5^+^, CD21^low^, CD23^+^, IgD^+^, and IgM^low^. This population of cells, in transplant experiments similar to the previous cell population, have worsened the allergy. B-regs from infected mice transplanted into ovalbumin-primed mice promoted the expansion of T-regs in their lungs. However, when the same was done to IL-10^−/−^ mice as donors of the B-regs, this was not observed, showing that this expansion is IL-10 dependent. This was further shown by blocking IL-10 in recipient mice with anti-IL-10 antibodies. The blocking of TGF-*β* in recipient mice did not affect T-reg expansion. B-reg expansion was also possible by incubating spleen cells from healthy mice with live worms, with similar markers seen in the*in vivo* system. These cells obtained from this*ex vivo* system were also able to induce T-reg expansion in recipient mice. Lastly, B-regs transplanted into mice that had already developed airway allergies promoted reduction of eosinophilia and increase in T-regs, indicating that they have therapeutic properties.

Instead of using worms as preventive agents, Cardoso and colleagues \[[@B12]\] have, for the first time, used recombinant antigens from*S. mansoni* to prevent airway allergy in mice. They have used three different antigens: Sm22.6, present in the tegument of the worm in all stages of its life cycle, except for the eggs; PIII, present in SWA of adult schistosomes; and Sm29, present in the tegument of the lung stage of adult schistosomes. These antigens were produced as recombinant proteins in*Escherichia coli*. Mice treated with any of these antigens presented less lung inflammation and lower OVA-specific IgE levels and eosinophilia compared to the controls. Also, eosinophil peroxidase was lower in mice treated with either Sm22.6 or PIII. The level of IL-4 and IL-5 in bronchoalveolar lavages was lower in mice treated with either Sm22.6 or PIII and the levels of IL-10 were higher in mice treated with Sm22.6. However, the ratios of IL-10 : IL-4 were higher both in Sm22.6 treated and in PIII treated mice. The levels of IFN-*γ* were lower in mice treated with Sm29 only and no differences of TNF-*α* levels were observed. Lastly, the number of CD4^+^ Foxp3^+^ T-regs was higher in either Sm22.6 or PIII treated mice, but only mice treated with Sm22.6 presented higher levels of these cells which expressed IL-10.

Having found results similar to Amu et al. \[[@B2]\], van der Vlugt and colleagues \[[@B92]\] have also shown that the B-regs from the marginal zone of the spleen are the main B-regs in terms of IL-10 production and Foxp3^+^ T-regs enhancement in mice. They have also analysed the induction of IL-10 producing B-regs in humans infected with schistosomes. Peripheral blood mononuclear cells from Gabonese children, either positive or negative for*S. haematobium*, were screened for the presence of B-regs populations. The presence of CD1d^high^ B-regs was higher in infected children than in the uninfected. This presence lowered to comparable levels after six months of praziquantel treatment, indicating that the presence of viable worms is important for the maintenance of this B-regs population. After stimulating the B cells isolated from the blood with anti-IgM and anti-IgG antibodies, there was an increase in IL-10 from the cells isolated from the infected children, which was related to CD1d^high^ B-regs. When this stimulation was done with SEA, the production of IL-10 remained even if the children had been treated with praziquantel. Being one of the very few studies that report some form of immunomodulation in*S. haematobium*, this study shows the necessity of further characterization of the mechanisms of immunomodulation for this worm and for using it or its derivatives in the prevention or treatment of autoimmune diseases.

To better characterize how the infection stage of*S. mansoni* plays a role in the prevention of airway allergies, Layland and colleagues \[[@B46]\] have sensitized and challenged infected mice at different time intervals. They have observed that mice which were sensitized and challenged with OVA only after patency, that is, after female worms started to produce eggs, had the lowest amounts of lung eosinophilia, leucocyte counts, and inflammation scores, in comparison to mice that were either challenged or sensitized and challenged before the establishment of patency. In another experiment, infected mice that were treated with praziquantel before being sensitized and challenged still presented lower levels of eosinophilia and leucocyte infiltration in the lungs after 6 weeks of the treatment but had inflammation levels comparable to noninfected mice. After 12 weeks, there were no differences between noninfected mice and praziquantel-treated mice with regard to cell infiltration and inflammation in the lungs. Altogether, these results suggest the importance of having an established infection to prevent the development of the autoimmune disease. In their study, the role of regulatory (Foxp3^+^) cells was further described. They have observed higher presence of T-regs in the lymph nodes of infected mice, even if they were not exposed to OVA, but not in their lungs. A final group of mice was analysed: mice that were infected with*S. mansoni*, then had their T-regs depleted with diphtheria toxin (DT), and then were sensitized and challenged with OVA. These mice had comparable values of cell infiltration and inflammation in the lungs with uninfected, DT treated mice, which were higher than those of OVA infected or OVA uninfected mice. OVA-specific IgE levels were also higher in DT treated mice, regardless of infection presence. DT treated, infected mice, upon stimulation with SEA, also presented higher levels of IL-5 than infected mice without DT treatment. To summarise, these results indicate that even if T-regs may not be present in the lungs, they still have an important role in the prevention of the airway allergy.

Straubinger and colleagues \[[@B89]\] evaluated if the presence of a schistosome infection during pregnancy could help to protect offspring from autoimmune diseases, given the lower occurrence of autoimmune diseases in children that are raised in farming environments. In order to do it, female mice were mated during acute, chronic, or regulatory phases of schistosome infection and then their offspring would be sensitized and challenged with OVA. The authors have seen that different phases of schistosome infection during pregnancy can predispose differently the offspring, as offspring of mothers infected with either acute or regulatory phases had fewer lymphocytes and less eosinophilia in bronchoalveolar lavages after OVA challenges, in contrast to offspring of mothers infected in the chronic phase, which were actually worse than in the controls. The lung inflammation, goblet cell numbers, and OVA-specific IgE levels were also lower in the two previous groups than in controls and in the latter group. These differences in the disease development were not transferred via the germline, as the authors have elegantly demonstrated. They have collected oocytes from either acutely infected mice or uninfected mice; then these oocytes were fertilized*in vitro* and transferred into uninfected surrogate mothers. The resulting offspring was then sensitized and challenged with OVA. Both resulting groups presented similar leukocyte infiltration levels and OVA-specific IgE levels and similar inflammation and goblet cell formation levels. After analysing the gene expression profiles of mothers infected with different phases and uninfected mothers, through RNA microarrays, the authors have found common trends between the groups. Interestingly, IL-10, IL-5, and Foxp3, which have been used extensively in previous studies as markers of the immune response, did not have their expression profiles changed along the groups. However, there were similarities between the expression profiles of mothers infected in acute or regulatory phases, such as genes involved in serotonin and melatonin biosynthesis and mineralocorticoid and glucocorticoid biosynthesis and glycolysis. Some genes were expressed differentially only in chronically infected mothers, such as thyroid hormone metabolism and Th17-related responses. Cells isolated from placentas and deciduas from infected mice of all phases and uninfected mice were stimulated with SEA, with some differences in cytokine production from each group. High IL-4 production was found in cells from the chronically infected cells and IL-10 from the regulatory-infected cells and IFN-*γ* was found from early acutely infected cells, indicating that these differences in the expression of genes related to cytokines and to metabolic pathways in the placenta are factors of relevance in the predisposition of the offspring to develop allergies. In the end, offspring generated from acutely infected mice which lacked IFN-*γ* presented higher cell infiltrations in the lung, higher inflammation scores, and more goblet cells than offspring whose mothers were not infected or that were able to produce IFN-*γ*, showing that this cytokine is important in the protection of offspring from acutely infected mice.

A second study using isolated antigens to prevent airway hyperresponsiveness was performed, by Ren and colleagues \[[@B72]\]. They have used an egg protein from*S. japonicum*, named SjP40, which, as they showed, was able to induce IFN-*γ* from spleen cells isolated from infected mice. Some peptides contained within SjP40 were also able to reduce lung inflammation, mucus production, and eosinophilia. Animals treated with these peptides also presented lower levels of OVA-specific IgG1 and IgE, though they presented higher levels of OVA-specific IgG2a. Lastly, animals treated with the peptides presented lower levels of IL-4, IL-5, and IL-13 and higher levels of IFN-*γ*. Altogether, these results indicate that animals exposed to SjP40 or some of its peptides presented a shift from a Th2 to a Th1 response, in the airway allergy context.

5. Conclusions and Perspectives {#sec5}
===============================

For over two decades, since the proposition of the hygiene hypothesis, researchers from different parts of the globe have invested their efforts to understand the relationship between inflammatory and autoimmune diseases with the protective effect of helminth parasites. Many aspects and mechanisms of schistosomes and hosts interactions were unraveled enlightening the immunomodulatory role of many molecules. Most of these studies used murine models of schistosomes infection or they were based on extracts containing mixtures of molecules originated from different life stages of these parasites such as SEA, SWA, or entire eggs.

From these initial tests using purified extracts of eggs or adult*S. mansoni* worms ascended some isolated molecules as potential candidates for therapeutic use against inflammatory diseases. The glycoconjugate Lacto-N-fucopentose-III is an example of isolated molecule that retained its immunomodulatory activity preventing type II diabetes and psoriasis in animal models. The immunomodulatory effects of schistosome infection and egg-derived molecules are clear, as well as their ability to downregulate proinflammatory cytokines, upregulate anti-inflammatory cytokines, and drive a Th2 type of immune response. Despite the evident therapeutic potential of these molecules, it is difficult to presume whether a single molecule will retain the immunomodulatory effect that has been observed in animal models that used complex mixtures of schistosome-derived molecules. Biotechnological advances are offering new systems to generate recombinant proteins in eukaryotic cells, which allow higher yields of purified proteins with their posttranslation modifications such as glycosylations and acylations \[[@B10]--[@B75]\]. These biotechnological tools can be essential to obtain isolated molecules in their native and original form, a characteristic that is largely vital for glycoproteins and lipoproteins activity and antigenicity as previously demonstrated for helminth molecules in some publications \[[@B43], [@B84]\]. In recent years, many proteomic studies revealed the composition of peptides of soluble egg antigens (SEA), adult soluble worm antigen (SWA) preparation, cercariae, schistosomula tegument, and adult worm tegument \[[@B6]--[@B97]\] which, altogether, represent a vast repertoire of potential proteins to be evaluated in combinations or isolated in order to find key immunomodulatory proteins within these different and complex molecular mixtures from schistosomes.

In the coming years and decades the challenges will be centered on bioinformatics and biotechnological methods to enable the selection of target proteins from large proteomic data, to produce them in their native form in eukaryotic systems of heterologous expression to be purified and tested as isolated formulation and in different combinations in*in vitro* and*in vivo* models. Following these molecular selection and immunomodulatory screening the best proteins to be used as therapies for inflammatory and autoimmune diseases can be further explored in order to determine their three-dimensional structures and get their epitopes and domains responsible for their immunomodulatory effects, which could enable the chemical synthesis of these active sites and the obtainment of smaller molecules with the potential to replace the use of peptide molecules which are often unstable and incompatible with oral administrations.
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Experimental animal models to study the role of schistosome molecules in different inflammatory and autoimmune diseases.

  Disease model                         Regimen                                Effects                                 References
  ------------------------------------- -------------------------------------- --------------------------------------- -----------------------------------
  Arthritis (DBA/1 mice)                *S. mansoni*inf.                       Prevention                              Osada et al., 2009 \[[@B66]\]
  *S. japonicum*inf.                    Prevention                             Song et al., 2011 \[[@B83]\]            
                                                                                                                       
  Arthritis (IL-1ra- mice)              *S. mansoni*inf.                       Prevention                              Osada et al., 2015 \[[@B67]\]
                                                                                                                       
  T1D (NOD mice)                        SEA with or without insulin            Prevention                              Maron et al., 1998 \[[@B56]\]
  *S. mansoni*inf. adults or eggs       Prevention                             Cooke et al., 1999 \[[@B16]\]           
  *S. mansoni*dead eggs, SEA, SWA       Prevention                             Zaccone et al., 2003 \[[@B109]\]        
  SEA                                   Prevention                             Zaccone et al., 2009 \[[@B106]\]        
  SEA                                   Prevention                             Cooke et al., 2010 \[[@B108]\]          
                                                                                                                       
  T2D (diet-induced mice)               *S. mansoni*inf., SEA                  Amelioration                            Hussaarts et al., 2015 \[[@B40]\]
  LNFPIII                               Amelioration                           Bhargava et al., 2012 \[[@B7]\]         
                                                                                                                       
  MetS (apoE^−/−^ mice)                 *S. mansoni*inf. adults or eggs, SEA   Amelioration                            Stanley et al., 2009 \[[@B86]\]
                                                                                                                       
  MetS (LDLR^−/−^ mice)                 SEA                                    Prevention                              Wolfs et al., 2013 \[[@B100]\]
                                                                                                                       
  Graves\' hyperthyroidism              *S. mansoni*inf., SEA, SWA             Prevention                              Nagayama et al., 2004 \[[@B63]\]
                                                                                                                       
  Psoriasis                             LNFPIII                                Prevention                              Atochina and Harn, 2006 \[[@B4]\]
                                                                                                                       
  IBD                                   SWA                                    Amelioration                            Ruyssers et al., 2010 \[[@B76]\]
  Amelioration                          Heylen et al., 2014 \[[@B38]\]                                                 
                                                                                                                       
  EAE                                   *S. mansoni*egg inf.                   Amelioration                            Sewell et al., 2003 \[[@B80]\]
  *S. mansoni*inf.                      Prevention                             La Flamme et al., 2003 \[[@B45]\]       
  SEA (*S. japonicum*)                  Prevention and amelioration            Zheng et al., 2008 \[[@B111]\]          
  LNFPIII                               Amelioration                           Zhu et al., 2012 \[[@B112]\]            
  Amelioration                          Kuijk et al., 2012 \[[@B44]\]                                                  
                                                                                                                       
  Airway allergies                      *S. mansoni*inf.                       Prevention                              Mangan et al., 2006 \[[@B55]\]
  *S. japonicum*inf.                    Prevention                             Mo et al., 2008 \[[@B62]\]              
  *S. mansoni*inf.                      Prevention                             Smits et al., 2007 \[[@B82]\]           
  *S. mansoni*inf.                      Prevention                             Pacífico et al., 2009 \[[@B68]\]        
  *S. mansoni*inf.                      Prevention and amelioration            Amu et al., 2010 \[[@B2]\]              
  Sm22.6, PIII, Sm29                    Prevention                             Cardoso et al., 2010 \[[@B12]\]         
  *S. mansoni*or *S. haematobium*inf.   Prevention                             van der Vlugt et al., 2012 \[[@B92]\]   
  *S. mansoni*inf.                      Prevention                             Layland et al., 2013 \[[@B46]\]         
  *S. mansoni*inf. in mother mice       Prevention or Exacerbation             Straubinger et al., 2013 \[[@B89]\]     
  SjP40                                 Prevention                             Ren et al., 2016 \[[@B72]\]             

IL-1ra: interleukin 1 receptor antagonist; T1D: type 1 diabetes; NOD: nonobese diabetic; SEA: soluble egg antigens; SWA: soluble worm antigens; LNFPIII: Lacto-N-fucopentose-III; T2D: type 2 diabetes; MetS: metabolic syndrome; apoE^−/−^: apolipoprotein E deficient mice; LDLR^−/−^: low density lipoprotein receptor deficient mice; IBD: inflammatory bowel disease; EAE: experimental autoimmune encephalomyelitis; Sm22.6: *S. mansoni* protein with 22.6 kDa, purified as recombinant protein; Sm29: *S. mansoni* protein with 29 kDa, purified as recombinant protein; and PIII: antigen from SWA, purified as recombinant protein.
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